Introduction
============

Graphene\'s exceptional intrinsic properties have been widely exploited in applications ranging from nanocomposites[@cit1],[@cit2] and conductive inks[@cit3] to drug delivery[@cit4] and sensors.[@cit5] However, pristine graphene itself has a low solubility in common solvents,[@cit6] lacking in surface functional groups which enable dispersion in many bulk applications. Increased dispersibility in organic solvents or polymer matrices may be achieved by functionalisation with compatibilising groups, and can enable the processing of, for example, coatings, membranes, and electrodes.[@cit7] In application, modified surface chemistry can enhance wettability by the desired phases[@cit8] or introduce specific functions, such as fluorescence, selective binding sites, or stable doping species.[@cit9],[@cit10] Covalent modification has previously been achieved by a wide range of chemistries,[@cit9],[@cit11]--[@cit13] producing various modified graphenes including alkylated,[@cit14] arylated,[@cit15]--[@cit17] amine-,[@cit18] hydroxyl- and epoxide-,[@cit19] polymer-[@cit20],[@cit21] and halogen-grafted[@cit22] derivatives.

Halogenation of carbon nanomaterials (CNMs)[@cit22]--[@cit24] is a useful route to obtain highly reactive species which may be used in further reactions. Covalently-bound bromine is particularly attractive as a synthetic handle, although intercalation or adsorption of molecular bromine is common.[@cit25] Bromine has been introduced onto various CNMs by several methods, including exposure to bromine vapour,[@cit26] long sonication[@cit27] or microwave irradiation[@cit22] in bromine liquid, reaction with dibromocarbene,[@cit28] and photocatalytic addition using *N*-bromosuccinimide as a bromine precursor.[@cit29] However, direct covalent attachment of bromine to graphene is rare and usually achieved by harsh methods such as plasma[@cit30] or microwave[@cit22] treatment, or refluxing in bromine,[@cit31] and/or on poorly exfoliated materials. Nevertheless, bromine-activated carbon species can be used in subsequent nucleophilic substitution reactions, as reported for brominated highly-oriented pyrolytic graphite (HOPG) and multi-walled carbon nanotubes (MWCNTs); for example, following plasma-chemical bromination, the C--Br bonds underwent hydrolysis, or further grafting with 1,6-diaminohexane and (3-aminopropyl)triethoxysilane.[@cit30] Bromination of single-walled carbon nanotubes (SWCNTs) by reductive functionalisation also showed that nucleophilic substitution of sidewall bromine addends was possible, introducing 2,2,2-trifluoroethanolate and hydroxyl groups at the brominated sites.[@cit32]

In general, reductive functionalisation is a versatile route to obtaining CNMs grafted with a wide variety of moieties.[@cit33]--[@cit35] For graphene, in particular, charging the carbon framework can be achieved by vapour transport,[@cit36],[@cit37] direct metal (alloy) contact,[@cit38] or through the use of charge transfer agents[@cit39] to form alkali-metal graphite intercalation compound (GIC) precursors. Under appropriate conditions, in dry aprotic solvents, individual anionic 'graphenide' sheets can be dissolved and processed. Reaction with a wide variety of different electrophiles yields individualised, covalently-grafted graphene derivatives. The connectivity of the carbon lattice is retained, thereby reducing the detrimental effects that covalent grafting and exfoliation can have on graphene\'s intrinsic mechanical and electrical properties. This method has resulted in successful grafting of alkyl,[@cit14],[@cit39],[@cit40] aryl,[@cit41] and polyethylene glycol (PEG)[@cit42] addends, as well as hydrogenation;[@cit43] however, bromination of graphene is not yet reported by this route.

Polymer grafting can greatly improve the solubility of CNMs, additionally limiting their restacking and agglomeration on drying.[@cit44] Using polymers with defined molecular weight and an activated end group, in a 'grafting-to' approach, allows control of polymer properties;[@cit45] however, the large steric bulk of the chains tends to limit grafting density. Conversely, surface-initiated anionic polymerisation can achieve densely-grown polymers,[@cit46] but requires rigorously dry reaction conditions to allow full control over molecular weight and dispersity. Furthermore, the choice of monomers is limited to only those which are stable under reducing conditions. Alternative grafting-from approaches such as atom transfer radical polymerisation (ATRP) afford more control over polymer growth,[@cit47] whilst retaining a high graft density. Previous examples of ATRP from nanomaterial surfaces include the polymerisation of styrene, methyl methacrylate (MMA) and glycidyl methacrylate from graphene oxide (GO), CNTs and boron nitride nanotubes (BNNTs).[@cit8],[@cit48]--[@cit52] In these procedures, bromine-containing initiator molecules are grafted first (usually *via* multi-step reactions), rather than directly attaching an active bromine atom to the surface.

The aim of this work was to prepare directly brominated graphene by reductive chemistry as an air-stable precursor for a variety of further transformations. As an illustration, brominated few-layer graphene (FLG-Br) was used to obtain poly(methyl methacrylate) (PMMA)-grafted graphene (FLG-PMMA), *via* ATRP; in this approach, the grafting reaction is initiated directly from the graphene framework, without an intervening molecular linker. In addition, the potential for nucleophilic substitution was explored using OH-substituted reagents poly(ethylene glycol)methyl ether (mPEG) and water. In comparison with direct reactions with graphenide, both methods offer greater versatility, reflected in their accessibility to a wide range of potential functionalities, including those unstable to reducing conditions. This approach provides an easy means to access modified few-layer graphene (FLG) with improved and tunable dispersibility, critical in bulk applications requiring compatibility with common organic solvents and polymer matrices.

Experimental
============

Materials
---------

FLG was obtained from Cambridge Nanosystems and used without any further purification. Tetrahydrofuran (THF), dried in-house in a solvent-drying tower packed with alumina, was degassed *via* a freeze--pump--thaw method then further dried over 20 vol% 4 Å activated molecular sieves. Naphthalene (99%, Sigma-Aldrich) was dried under vacuum in the presence of phosphorus pentoxide before use. Sodium (99.95%, ingot) and bromine (reagent grade) were purchased from Sigma-Aldrich and used as received. MMA (99%, Sigma-Aldrich) was passed through an alumina column to remove stabilisers, before degassing *via* freeze--pump--thaw and drying over 20 vol% 4 Å activated molecular sieves. Acetone (≥99.9%, Sigma-Aldrich) was distilled over CaH~2~ and stored under nitrogen. Immediately before use, both monomer and solvent were purged with nitrogen for 30 min. Copper([i]{.smallcaps}) bromide (CuBr, 98%, Sigma-Aldrich) was purified by washing with glacial acetic acid, followed by 2-propanol, and then dried under vacuum.[@cit47]*N*,*N*,*N*′,*N*′′,*N*′′-Pentamethyldiethylenetriamine (PMDETA, 99%) and copper([ii]{.smallcaps}) bromide (CuBr~2~, 99%) were obtained from Sigma-Aldrich and used as received. mPEG (*M*~W~ 2000 Da, Sigma Aldrich) was dried under vacuum with phosphorus pentoxide prior to use. Dichloromethane (VWR) was used as received.

Procedures
----------

### Preparation of sodium-naphthalide solution

A stock sodium-naphthalide solution was prepared to allow for accurate, simple addition of sodium to dried FLG. 23 mg (1 mmol) sodium and 128 mg (1 mmol) dried naphthalene were added to 10 mL degassed anhydrous THF in a N~2~-filled glove box, and stirred for 1 day until all sodium had dissolved, forming a dark-green solution.

### Synthesis of FLG-Br

A Young\'s tube containing FLG (60 mg, 5 mmol carbon) and a glass stirrer bar was heated at 400 °C for 1 h under vacuum, and placed in the glove box. 4.16 mL of the sodium-naphthalide solution was added to the Young\'s tube and the concentration of FLG in THF adjusted to 0.1 M by addition of 45.8 mL degassed anhydrous THF (C/Na = 12, \[Na\] = 0.008 M). The suspension was stirred for 1 day, then ultrasonicated for 5 min, before connecting to an Ar-filled Schlenk line and purging 3 times. After cooling to 0 °C, 1 mL (19.4 mmol) liquid bromine was added dropwise slowly, under positive pressure of argon. The reaction was allowed to reach room temperature and stirred for 1 day. After bubbling dry O~2~/N~2~ (20/80%) through the solution for 15 min, the solution was stirred overnight under dry O~2~/N~2~ to quench any remaining charges on the functionalised graphene. The mixture was filtered through a 0.1 μm PTFE membrane (Millipore), and washed thoroughly with *N*,*N*-dimethylacetamide (DMAc) and THF to remove any residual sodium, naphthalene and bromine by-products. The product FLG-Br was obtained after drying overnight under vacuum.

### Quenched control

A control experiment excluding the addition of bromine was conducted in the same way as before. The quenched product was washed and dried thoroughly, prior to characterisation.

### Bromine adsorption control (FLG + Br~2~)

A Young\'s tube containing FLG (15 mg, 1.25 mmol carbon) and a glass stirrer bar was heated at 400 °C for 1 h under vacuum, and placed in the glove box. 12.5 mL degassed anhydrous THF was added and the suspension was stirred for 1 day. Following ultrasonication for 5 min, the flask was connected to an Ar-filled Schlenk line and purged three times. After cooling to 0 °C, 0.25 mL (4.85 mmol) liquid bromine was added dropwise under positive pressure of argon. The reaction was allowed to reach room temperature and stirred for 1 day. After bubbling dry O~2~/N~2~ through the solution for 15 min, the solution was stirred overnight under dry O~2~/N~2~. The mixture was filtered through a 0.1 μm PTFE membrane, and washed thoroughly with DMAc and THF. The product was obtained after drying overnight under vacuum.

### Synthesis of FLG-PMMA *via* ATRP

A Schlenk flask containing FLG-Br (20 mg, 0.02 mmol Br) and a stirrer bar was heated at 80 °C under vacuum for 2 h. 20 mL dry acetone was added, and the mixture ultrasonicated for 10 min to disperse the FLG-Br. The suspension was degassed by three freeze--pump--thaw cycles. Separately, CuBr (8 mg, 0.056 mmol) and CuBr~2~ (1.26 mg, 0.0056 mmol) were added to a Schlenk flask equipped with a stirrer bar, which was previously evacuated and flushed with nitrogen. The flask was degassed and filled with nitrogen three times and then left under nitrogen. Subsequently, MMA (1 mL, 9.36 mmol) and PMDETA (0.012 mL, 0.057 mmol) were added and the solution was stirred until the Cu complex had formed. The mixture was degassed by three freeze--pump--thaw cycles, then introduced to the FLG-Br solution using a dry, air-free syringe, and the flask placed in an oil bath and stirred at 50 °C for 2 h. The flask was then removed from the oil bath and the reaction stopped by exposing to air and dilution with THF. The mixture was filtered through a 0.1 μm PTFE membrane and washed with copious amounts of acetone and THF, then dried under vacuum.

### ATRP control (FLG + MMA control)

In a similar reaction and washing sequence to before, as-received FLG (20 mg), rather than FLG-Br, was used as the initiator in a polymerisation control reaction.

### Synthesis of FLG-PEG *via* nucleophilic substitution

A round-bottomed flask containing FLG-Br (20 mg, 0.02 mmol Br) and a stirrer bar was heated at 80 °C under vacuum for 2 h. 15 mL dry THF and 5 mL dichloromethane were added and the mixture ultrasonicated for 10 min to disperse the FLG-Br. mPEG (100 mg, 0.05 mmol) was added then the reaction mixture was stirred at 40 °C for 2.5 h. The suspension was filtered through a 0.1 μm PTFE membrane and washed with copious amounts of THF, water and ethanol. The product FLG-PEG was obtained after drying under vacuum.

### Synthesis of FLG-OH *via* nucleophilic substitution

FLG-OH was obtained by an identical procedure using water (3 mL) as the hydroxyl source, instead of mPEG. The product was washed and dried as before, prior to characterisation.

Equipment and characterisation
------------------------------

Thermogravimetric analysis coupled with mass spectrometry (TGA-MS) was performed using a Mettler Toledo TGA/DSC 1 instrument integrated with a Hiden HPR-20 QIC EGA mass spectrometer under nitrogen atmosphere. Samples were held at 100 °C for 30 min, then heated from 100 °C to 850 °C at 10 °C min^--1^ (N~2~ flow rate = 60 mL min^--1^). X-ray photoelectron spectroscopy (XPS) data were recorded using a K-alpha^+^ XPS spectrometer equipped with an MXR3 Al Kα monochromated X-ray source (*hν* = 1486.6 eV). X-ray gun power was set to 72 W (6 mA and 12 kV). Charge compensation was achieved with the FG03 flood gun using a combination of low energy electrons and the ion flood source. Survey scans were acquired using 200 eV pass energy, 1 eV step size and 100 ms (50 ms × 2 scans) dwell times. All high resolution spectra were acquired using 20 eV pass energy, 0.1 eV step size and 1 s (50 ms × 20 scans) dwell times. Samples were prepared by pressing the sample onto carbon-based double-sided tape. Pressure during measurement acquisition was ≤1 × 10^--8^ mbar. Atomic compositions were calculated from averaged spectra obtained from at least 3 areas per sample. Raman spectra were collected on a Renishaw inVia micro-Raman (1000--3000 cm^--1^), using a 50 mW 532 nm laser at 10% laser power. Statistical Raman data were obtained from measurements carried out in Streamline mode of at least 500 areas per sample. Samples were prepared by drop casting dispersions on a glass slide or silicon wafer. UV-Vis-NIR absorption spectra were measured with a Perkin Elmer Lambda 950 UV/Vis spectrophotometer, using a quartz cuvette with 1 cm pathlength. Ultrasonication was performed using an ultrasonic cleaner (USC300T, 80 W). Transmission electron microscopy (TEM) was carried out using a JEOL 2100Plus TEM at 200 kV operating voltage. Samples were prepared on 300 copper mesh holey carbon grids (Agar Scientific) by drop-casting dilute graphene dispersions onto a grid supported by filter paper and drying under vacuum.

Results and discussion
======================

Synthesis of brominated graphene
--------------------------------

Following a previously established functionalisation sequence,[@cit39] reduced FLG was prepared by treatment with sodium naphthalide in THF, with a charging ratio (number of framework carbon atoms per sodium atom, C/Na) of 12, and an absolute sodium concentration of 0.01 M. This reductive treatment generates a black, graphenide-containing dispersion, *via* electrostatically-driven exfoliation. The resulting charged graphene sheets were reacted with bromine liquid to yield brominated graphene ([Scheme 1](#sch1){ref-type="fig"}). Stable bromine-GICs are well-known in the literature, where bromine molecules adsorb within the interlayer galleries;[@cit25],[@cit53]--[@cit55] reductive activation of FLG to form a reactive intermediate is therefore required for covalent functionalisation to take place.[@cit32] The FLG starting material is already reasonably exfoliated (\<5 layers), with a crumpled morphology, and small lateral flake size of 0.25--1 μm (Fig. S1[†](#fn1){ref-type="fn"}). The flake surfaces and edges are accessible for functionalisation, whilst non-covalently adsorbed bromine is less likely to remain trapped between graphene layers after processing; compared to larger, flatter sheets, quantification of grafting is more straightforward.

![Bromine functionalisation of FLG to FLG-Br *via* reduction with sodium naphthalide in THF, followed by (i) synthesis of FLG-PMMA *via* ATRP; (ii) nucleophilic substitution of FLG-Br with mPEG or water, yielding FLG-PEG and FLG-OH, respectively.](c7sc03455e-s1){#sch1}

TGA-MS under nitrogen indicates successful covalent functionalisation of the FLG starting material ([Fig. 1a](#fig1){ref-type="fig"}). The weight loss in the region between 200 and 450 °C can be assigned to the detachment of bromine addends[@cit29],[@cit32] from mass fragments *m*/*z* 79, 81, which show a characteristic isotopic distribution of 1 : 1. Bromine is known to intercalate graphite to form stable Br~2~-GICs, but desorption occurs at relatively low temperatures (80--180 °C).[@cit56] A reference experiment mixing bromine with uncharged FLG (FLG + Br~2~) showed that bromine was fully removed by the same washing procedure as used for the functionalised product, suggesting that bromine species detected are covalently-bound (Fig. S2a[†](#fn1){ref-type="fn"}). In FLG-Br, MS fragments attributed to residual THF were detected, due to some solvent trapped within the sample (Fig. S2b[†](#fn1){ref-type="fn"}); it is therefore difficult to quantify the degree of grafting definitively from TGA alone. However, from the mass loss during pyrolysis (8.4 wt%), an upper bound for the grafting ratio is 9.3 wt%, corresponding to a C/Br of 71 ([Table 1](#tab1){ref-type="table"}).

![(a) TGA-MS profile of FLG (black) and FLG-Br (orange), *m*/*z* 79, 81 --Br^+^; (b) wide survey XPS spectrum of FLG-Br; (c) core level Br 3d spectrum for FLG; (d) core level C 1s spectrum for FLG; (e) core level Br 3d spectrum for FLG-Br, dashed lines denote 3d~3/2~, solid 3d~5/2~; (f) core level C 1s spectrum for FLG-Br.](c7sc03455e-f1){#fig1}

###### XPS atomic compositions and grafting ratios of functionalised FLGs

  Sample     at% C   at% O   at% Br   GR (TGA)[^*a*^](#tab1fna){ref-type="table-fn"}   GR (XPS)[^*a*^](#tab1fna){ref-type="table-fn"}
  ---------- ------- ------- -------- ------------------------------------------------ ------------------------------------------------
  FLG        96.5    3.5     ---      ---                                              ---
  FLG-Br     95.6    3.4     0.9      9.3                                              6.2
  FLG-PMMA   92.6    6.9     0.5      19.5                                             21.4
  FLG-PEG    90.9    9.0     0.1      23.8                                             26.2
  FLG-OH     94.7    4.9     0.4      6.5                                              3.8

^*a*^Grafting moiety/FLG mass ratios; in wt%. For details of these calculations, see ESI.

Further evidence for covalent functionalisation was obtained by XPS. In the wide survey XPS spectrum of FLG-Br ([Fig. 1b](#fig1){ref-type="fig"}), the major peak at 284.6 eV arises from C 1s of sp^2^ hybridised carbon. Additional peaks corresponding to Br 3s, 3p~1/2~/3p~3/2~ and 3d appear at 257.1, 190.1/184.1 and 70.2 eV, respectively. In the high resolution bromine spectrum ([Fig. 1e](#fig1){ref-type="fig"}), the deconvoluted Br 3d peaks at 70.1 and 71.1 eV are characteristic of covalently-bound Br,[@cit26] although a small fraction (∼12%) of adsorbed bromine or residual sodium bromide was detected, around 68.5 eV,[@cit22],[@cit57]--[@cit59] consistent with these species being intercalated between graphene layers. A corresponding C--Br peak at 285.3 eV can be identified in the deconvoluted C 1s core-level spectrum of FLG-Br,[@cit28] but is absent in FLG, confirming that Br atoms have been covalently attached to the graphene sheets ([Fig. 1d and f](#fig1){ref-type="fig"}). Additional peaks at 286.1 and 286.9 eV are assigned to C--O and C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O, respectively, also present in the starting material. No Br 3d peak was detected in the as-received sample ([Fig. 1c](#fig1){ref-type="fig"}) or control (Fig. S3[†](#fn1){ref-type="fn"}). The XPS data therefore present strong evidence for covalent Br attachment, consistent with reports in the literature concerning bromine functionalisation of graphite by microwave irradiation[@cit15] and of various CNMs by plasma-chemical treatment.[@cit22],[@cit28],[@cit30] Analysis of the higher resolution data indicates a composition of 0.9 at% covalent Br to 95.6 at% C (and 3.4 at% O) after functionalisation, giving a C/Br of 108 and grafting ratio of 6.2 wt% ([Table 1](#tab1){ref-type="table"}). The relative amount of oxygen and carbon does not vary substantially compared to FLG starting material (96.5 at% C, 3.5 at% O) suggesting that the THF content is insignificant. The GRs by TGA and XPS are in good agreement, given the differences in surface sensitivity, and are comparable to the degree of grafting achieved for alkylated and arylated graphenes obtained following similar reductive treatment.[@cit14],[@cit39],[@cit41] The number density (number of grafted sites per unit area) of bromine calculated from XPS data (3.5 × 10^13^ cm^--2^), therefore, also agrees well with that obtained from TGA (5.4 × 10^13^ cm^--2^) (see ESI for calculations[†](#fn1){ref-type="fn"}). This degree of functionalisation remains below the critical threshold for preserving the band structure of graphene,[@cit60] in contrast to harsher methods of bromination, which achieve stoichiometries of up to 40% Br/C but degrade the connectivity of the graphitic network, reflected in the significant broadening and weakening of characteristic Raman signals, and greatly decreased thermal stability.[@cit31]

Raman spectroscopy is commonly used to provide semi-quantitative analysis of the degree of grafting in carbon nanomaterials. In heterogeneous bulk samples, Raman mapping is necessary to obtain statistically relevant conclusions regarding the degree and distribution of functionalisation. Graphitic materials typically exhibit three characteristic bands: D band at ∼1350 cm^--1^, which is defect activated; G band at ∼1580 cm^--1^, related to the in-plane graphitic bonding; and 2D band at ∼2700 cm^--1^, from which information about stacking and layers can be determined.[@cit61] In general, the relative intensities of the defect and graphitic bands (*I*~D~/*I*~G~) are used to estimate the number of grafted sites. Statistical Raman analysis of the bulk sample shows an *I*~D~/*I*~G~ ratio of 0.40 ± 0.03 in the FLG starting material ([Fig. 2b](#fig2){ref-type="fig"}); the large D peak arises from edge scattering,[@cit62] because many flakes are smaller than the laser spot size. For charged, unfunctionalised FLG directly quenched with dry oxygen/nitrogen, and for FLG + Br~2~ control, the *I*~D~/*I*~G~ ratios (0.43 ± 0.05 and 0.45 ± 0.09, respectively) remain essentially unchanged, confirming that no sp^3^ defects have been introduced (Fig. S4[†](#fn1){ref-type="fn"}). In contrast, *I*~D~/*I*~G~ increases to 0.58 ± 0.02 in FLG-Br ([Fig. 2b](#fig2){ref-type="fig"} orange) suggesting that bulk covalent functionalisation has indeed occurred.[@cit39],[@cit63] However, at the high grafting densities implied by the TGA and XPS data,[@cit64],[@cit65] the *I*~D~/*I*~G~ trend might be expected to reverse, and the peaks broaden, since the defect spacing should be below the Tuinstra--Koenig limit,[@cit66],[@cit67] if uniformly distributed. Since, in fact, the spectra for FLG-Br show very well-defined peaks with narrow full width at half maximum (FWHM, *Γ*, [Fig. 2a](#fig2){ref-type="fig"} and Table S1[†](#fn1){ref-type="fn"}), it is likely that grafting occurs in clusters, possibly nucleating from existing defects or edges, as has been proposed previously for Birch-type reductions of SWCNTs.[@cit68] Additional analysis of the D′ band at ∼1615 cm^--1^ shows an increase in *I*~D~/*I*~D′~ after functionalisation (Fig. S5[†](#fn1){ref-type="fn"}) which is consistent with an increase in the ratio of sp^3^ defects to edge-type defects,[@cit69] and therefore indicates that covalent grafting occurs, with retention of lattice connectivity. The width of the *I*~D~/*I*~G~ ratio distribution remains essentially unchanged ([Fig. 2b](#fig2){ref-type="fig"}), suggesting that all the flakes in the sample react equally. The 2D peaks indicate the extent of exfoliation and are discussed below.

![(a) Averaged Raman spectra, and (b) Raman histograms of *I*~D~/*I*~G~ ratio, of FLG (black), FLG-Br (orange), FLG-PMMA (red) and FLG-PEG (blue); *λ*~exc~ = 532 nm, spectra normalised to the G peak intensity and offset for clarity.](c7sc03455e-f2){#fig2}

FLG-Br as a precursor to polymer-grafted graphene
-------------------------------------------------

Polymer grafting can improve the dispersibility of graphene in common organic solvents or matrices,[@cit70] and potentially enhance stress-transfer in nanocomposites.[@cit71] In particular, PMMA has been used as a compatibiliser for various fillers in epoxy resins, such as glass fibre[@cit72] and nanoclays,[@cit73] in addition, PMMA is a well-known ATRP target. FLG-Br was therefore used as a precursor to obtain PMMA-grafted graphene as both a model system and for practical purposes. Using FLG-Br as the initiator molecule and following standard ATRP procedures in the literature, FLG-PMMA was obtained from the polymerisation of MMA[@cit74] ([Scheme 1](#sch1){ref-type="fig"}). Briefly, under inert conditions, distilled MMA was stirred with CuBr, CuBr~2~, PMDETA, and FLG-Br in acetone, at 50 °C for 2 h. FLG-PMMA was obtained as a black powder after washing with THF and drying under vacuum.

TGA-MS analysis of the product shows an increased mass loss (16.2 wt%), and correspondingly larger grafting ratio (19.5 wt%), as compared to FLG-Br, in the range 200 to 550 °C ([Fig. 3a](#fig3){ref-type="fig"}); the accompanying mass fragments correspond to PMMA polymer, including *m*/*z* 41 (--CH~2~C(CH~3~)--^+^), 59 (--COOCH~3~^+^), 69 (--CH~2~C(CH~3~)(CO)--^+^), and 100 (--CH~2~C(CH~3~)(COOCH~3~)--^+^). This weight loss temperature is also consistent with the expected thermal degradation of PMMA.[@cit8] XPS data for FLG-PMMA show an increase in oxygen content (Fig. S6[†](#fn1){ref-type="fn"}) with a composition of 92.6 at% C, 6.9 at% O and 0.5 at% Br ([Table 1](#tab1){ref-type="table"}); assuming, therefore, that approximately half the bromine addends served as initiators in the ATRP reaction, the polymer chains are estimated to have an average molecular weight in the range 370 to 590 Da, based on the C/Br limits obtained from TGA and XPS (see ESI for calculations[†](#fn1){ref-type="fn"}). The carbon and oxygen contents from XPS are in good agreement with calculated compositional values based on C/PMMA = 250, *M*~n~ ∼ 590; the estimated grafting ratio from XPS is 21.4 wt%, close to the value obtained by TGA. TGA-MS shows only a trace amount of THF in FLG-PMMA; the compositional values from XPS also suggest that no THF remains. Introduction of polymer on the graphene surface likely preserves an open pathway between layers, allowing evaporation of solvent.

![(a) TGA-MS profile of FLG-PMMA, *m*/*z* 41 (--CH~2~C(CH~3~)--^+^), 59 (--COOCH~3~^+^), 69 (--CH~2~C(CH~3~)(CO)--^+^), 100 (--CH~2~C(CH~3~)(COOCH~3~)--^+^); (b) TGA-MS profile of FLG-PEG, *m*/*z* 15 (--CH~3~^+^), 31 (--OCH~3~^+^), 44 (--CH~2~CH~2~O--^+^).](c7sc03455e-f3){#fig3}

Raman analysis of FLG-PMMA product shows that the initial density of defects in FLG-Br is hardly changed (*I*~D~/*I*~G~ 0.58 ± 0.02 to 0.53 ± 0.03) after PMMA growth from the surface ([Fig. 2](#fig2){ref-type="fig"} orange and red); therefore, no additional sp^3^ centres were introduced during this part of the reaction sequence. A reference experiment (FLG + MMA control) using FLG as the ATRP initiator, rather than FLG-Br, was carried out under the same conditions; the TGA-MS and Raman data (Fig. S7[†](#fn1){ref-type="fn"}) show that the reaction does not take place on the original FLG surface, demonstrating that brominated sites are necessary for polymerisation initiation.

An alternative route to polymer-grafted graphene, and further proof of the versatility of bromine functionalisation, is provided by nucleophilic substitution of the bromine addends with polyethylene glycol ([Scheme 1](#sch1){ref-type="fig"}). To obtain the PEG-substituted product, FLG-Br was dispersed in dry THF and dichloromethane by brief and mild bath sonication. After addition of mPEG (*M*~W~ 2000 Da), the suspension was stirred at 40 °C for 2.5 h, and FLG-PEG was obtained after filtering and washing with THF, water and ethanol, and drying under vacuum. The weight loss during TGA pyrolysis of FLG-PEG in the range 300--500 °C is accompanied by mass fragments which can be attributed to mPEG (*m*/*z* 15 (--CH~3~^+^), 31 (--OCH~3~^+^), 44 (--CH~2~CH~2~O--^+^)), confirming successful introduction of PEG on the graphene surface ([Fig. 3b](#fig3){ref-type="fig"}). The mass loss of 18.7 wt% implies an incomplete reaction of ∼1 in 6 bromine addends (based on C/Br from XPS); this partial substitution by mPEG may be explained by the steric bulk of the polymer chain which may prevent substitution of less accessible bromine-grafted sites. A large increase in oxygen content can be seen by XPS (Fig. S6[†](#fn1){ref-type="fn"}); C and O atomic percentages obtained by XPS ([Table 1](#tab1){ref-type="table"}) are consistent with the proposed substitution of 1 in 6 addends, although the Br content is lower than expected, possibly due to the layer of long PEG chains on the surface. The grafting ratio from TGA of 23.8 wt% is in good agreement with that implied by the XPS data (26.2 wt%). To explore whether substitution efficiency was affected by nucleophile size, FLG-Br was reacted with water under the same conditions for PEG substitution, to obtain FLG-OH. XPS data show that a greater degree of substitution occurs in this case, with over half (0.6) of the bromine addends replaced with hydroxyl groups ([Table 1](#tab1){ref-type="table"}). The reduced TGA weight loss (6.1 wt%, Fig. S8[†](#fn1){ref-type="fn"}) is also consistent with the substitution of this proportion of addends (see ESI for calculations[†](#fn1){ref-type="fn"}). Hydroxyl groups and water (*m*/*z* 17, 18) are detected by TGA-MS (Fig. S8[†](#fn1){ref-type="fn"}), as well as some residual solvent. However, bromine fragments are not seen, possibly because the low concentration cannot be detected by the MS; even in FLG-Br, the bromine *m*/*z* fragments give only a very weak signal.

As is the case for FLG-PMMA, in the Raman spectra for the PEG- and OH-substituted products, the *I*~D~/*I*~G~ ratios of 0.56 ± 0.03 and 0.57 ± 0.09 ([Fig. 2](#fig2){ref-type="fig"} blue, and Fig. S9[†](#fn1){ref-type="fn"}), respectively, indicate that no further defects are introduced during subsequent reaction, and that substitution occurs exclusively at existing grafted sites. Overall, the TGA, Raman and XPS data indicate that successful growth of PMMA by ATRP, or nucleophilic substitution, illustrated by mPEG and water, can be achieved from brominated FLG, without the creation of further defects.

Exfoliation and dispersion
--------------------------

Analysis of the 2D band in Raman spectra provides valuable information about the exfoliated nature of the different functionalised materials. The shape, intensity (*I*~2D~) and full width at half maximum (*Γ*~2D~) of the 2D peak can be used to evaluate the number of graphene layers present.[@cit61] FLG shows a symmetric 2D band at 2694 cm^--1^ with a *Γ*~2D~ of 58 cm^--1^, characteristic of the loosely-stacked few-layer nature of the starting material. After bromine grafting, the *I*~2D~/*I*~G~ ratio increases only slightly (from 0.97 ± 0.04 to 1.02 ± 0.05), since bromine addends are not large and do not significantly aid further exfoliation ([Fig. 4a](#fig4){ref-type="fig"}). Following PMMA functionalisation, this value increases again to 1.06 ± 0.05 suggesting that as ATRP progresses, graphene layers are pushed apart and prevented from restacking and aggregation by grafted polymer chains. An accompanying decrease in *Γ*~2D~ ([Fig. 4b](#fig4){ref-type="fig"} and Table S1[†](#fn1){ref-type="fn"}) also implies that the grafted samples are more exfoliated than the starting material.[@cit75]

![Raman histograms of (a) *I*~2D~/*I*~G~ ratio, and (b) *Γ*~2D~, of FLG (black), FLG-Br (orange), FLG-PMMA (red) and FLG-PEG (blue); *λ*~exc~ = 532 nm.](c7sc03455e-f4){#fig4}

In FLG-PEG, there is no significant change in either *I*~2D~/*I*~G~ or *Γ*~2D~ ([Fig. 4](#fig4){ref-type="fig"}) relative to the brominated FLG; it is likely that in this 'graft-to' reaction the large polymer chains cannot diffuse within the interlayer galleries so easily and therefore only substitute bromines grafted on the edges and surfaces of a few-layer stack. As a result, no further exfoliation occurs, and the *I*~2D~/*I*~G~ ratio remains unchanged. There is little change in *I*~2D~/*I*~G~ after --OH substitution; hydroxyl addends are small and do not significantly prevent layer restacking after drying.

The dispersibility of the polymer-grafted graphenes was measured by UV-Vis absorbance (Fig. S10[†](#fn1){ref-type="fn"}). The samples were dispersed in different solvents by bath ultrasonication for 15 minutes and allowed to sediment over two days. The extinction coefficient[@cit6] for dispersed graphene in solution (*α*~660~ = 2460 L g^--1^ m^--1^) was used to estimate the concentrations of the different solutions. Covalent grafting significantly improved the dispersibility of the material, with FLG-PMMA reaching a concentration of 200 μg mL^--1^ in acetone, and FLG-PEG 255 μg mL^--1^ in ethanol. In the case of FLG-PMMA, even the addition of low molecular weight polymer chains was enough to increase dispersibility six-fold in acetone. FLG-PEG was three and a half times more soluble than FLG in ethanol; despite a low grafting density, the longer mPEG chains could effectively stabilise the graphene sheets. Hydroxyl groups increased the solubility of FLG in water, from 8.51 μg mL^--1^ to 96.4 μg mL^--1^ (Table S2[†](#fn1){ref-type="fn"}).

Conclusions
===========

Brominated graphene was synthesised by reacting exfoliated Na-based GICs with bromine, as confirmed by TGA-MS, XPS and Raman spectroscopy. This reductive method results only in a low concentration of sp^3^ defects and the underlying connectivity of the carbon network, and therefore graphene\'s intrinsic properties,[@cit60] are retained. The brominated FLG serves as a convenient and versatile precursor to modified graphenes. The FLG-Br can act as an initiator in the polymerisation of MMA by ATRP, resulting in PMMA-grafted graphene. In contrast to previous examples of ATRP on GO, CNTs and BNNTs,[@cit8],[@cit48]--[@cit52] polymerisation is activated directly from the brominated graphene surface, rather than mediated by a specific grafted molecular group, providing an interesting new approach for ATRP reactions on nanocarbon surfaces. FLG-PMMA showed improved dispersibility in acetone, with the addition of only low molecular weight polymers; optimising polymerisation conditions could further increase dispersibility in various solvents. In contrast to direct anionic polymerisation from reduced graphite/graphenides, this methodology offers greater versatility with a wide choice of monomers including those that are unstable to graphenide, for example glycidyl methacrylate or aminoethyl methacrylate. In addition, the bromine addends may easily undergo nucleophilic substitutions, as illustrated by reactions with mPEG and water, without introducing any additional sp^3^ centres on the carbon framework. In this generalised reaction, brominated graphenes represent versatile, air-stable starting materials for the generation of grafted graphenes with a wide variety of functional moieties.
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